The effect of pressure on the M6ssbauer resonance in hemin and in iron phthalocyanine has been measured. In these initial studies unenriched compounds were used. The hemin was material supplied by Dr. Lowell Hager of the Division of Biochemistry. The iron phthalocyanine was obtained from E. I. DuPont de Nemours Company and was resublimed in our laboratory. The high-pressure M6ssbauer techniques have been described elsewhere. ' The results on hemin are related to previous observations2 3 that both high-spin and low-spin ferric ions tend to reduce reversibly with increasing pressure.
Normally, samples were run diluted with amorphous boron powder, but the behavior was the same whether the material was diluted with powdered A1203 or was run pure.
In all cases, peak locations and areas were determined by computer fits with the appropriate combinations of Lorentzian curves. For Fe3+ ion in hemin the data were fit with two peaks of equal area but of width (in general unequal) determined to give the best fit to the data. The Fe2+ in hemin was fit with two peaks of equal area and width. For phthalocyanine the low-spin peaks were fit as two peaks with equal areas and widths. The same sort of fit was made to the high-spin pair. All isomer shifts are reported relative to metallic iron. Hemin and iron phthalocyanine have quite similar molecular structures. Both compounds form essentially planar molecules in which the iron atom is in the center of a square formed by four nitrogen atoms. The structures of the molecules are shown in Figure 1 . The phthalocyanline contains a ferrous ion in a mixed-spin configuration, while in hemin the iron is in a high-spin configuration and has an additional chloride ligand perpendicular to the molecular plane. In both compounds the ring structure of carbon and nitrogen atoms has a highly delocalized system of 7r orbitals which give the compounds interesting physical properties.
Hemin.-The spectra of hemin at various pressures are shown in Figures 2a and b . Because unenriched samples were used, the effect was small at atmospheric pressure, and the spectrum appeared to be a single peak. However, upon the application of 20 kb of pressure, the effect increased to approximately 3'/2 per cent, and an asymmetric quadrupole doublet was obtained. This spectrum is similar to those obtained by Shulman and Wertheim4 at 20'K. As pressure is increased, an additional pair of peaks with a separation of 2.9 mm/second appears in the spectrum, and as pressure is increased further, the intensity of the new peaks increases rapidly while the intensity of the original hemin peaks diminishes. When pressure is released, the outer peaks disappear, and the inner peaks increase in intensity again.
Let us first consider the original hemin peaks. The two peaks have equal areas but unequal widths. At 22 kb the ratio of the peak widths is about 2 to 1. As pressure is increased, the asymmetry is reduced until the peaks have nearly equal widths at 165 kb. Bearden et al.5 and Shulman and Wertheim4 studied the M6ssbauer spectrum of hemin as a function of temperature and observed that the asymmetry of the spectrum was reduced as temperature was lowered from 20'K to 40K. Blume6 explained the spectra on the basis of electronic spin-spin relaxation. Axial crystal fields will split the 6S4/2 ground state of Fe3+ into three doublets as shown in reference 6. The splitting A has been determined to be approximately 18'K. Spinlning relaxation will cause transitions between the various sublevels, and these transitions will result in a time-varying magnetic field at the nucleus. If the relaxation time is small compared to the precession frequency of the nucleus in the magnetic field, then the nucleus will see only the time average field which will be zero, and a symmetric quadrupole doublet will be observed. However, if the relaxation time is large, the nucleus will see a net magnetic field, and the i\Icssbauer peaks will be broadened. The Mossbauer line arising from the nuclear transition involving the excited level with mI = + 3/2 will be broadened more than the line arising from the m, = ± 1/2 level, and the quadrupole pair will be asymmetric. The probability of a transition between two S, sublevels cLn be determined from the expression
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(1) shows that the relaxation time in the ' 3/2 and :1 5/2 states will be larger than the i/2 state. Transitions involving the lowest state (±1/2 . =F 1/2) will be rapid enough that there will be no broadening of the M6ssbauer spectrum, but transitions involving the higher states will cause asymmetric broadening. Therefore, the asymmetry of the Mbssbauer spectrum will be temperature-dependent.
At low temperatures, only the i 1/2 state will be populated and the Mossbauer spectrum will be symmetric, but at higher temperatures the population of the higher states will increase according to the Boltzmann factor, and therefore the asymmetry increases with increasing temperature.
Considering the above arguments, one would expect that application of high pressure to the compound would also decrease the asymmetry of the quadrupole doublet. At high pressures the value of A will be increased as the crystal field increases, and therefore the population of the higher S, levels which are responsible for the asymmetric broadening will decrease. Also, pressure reduces the value of rj6 appearing in the denominator of equation (1), thereby increasing the probability of the various transitions and decreasing the relaxation times. Both of these considerations would reduce the asymmetry of the hemin spectra as pressure is increased, but for a compressible molecular crystal, the change in rj6 is probably the major factor.
The variation in isomer shift with pressure is shown in Figure 3 . The isomer shift shows a decrease of almost 1 mm/second in 165 kb. This is larger than the change in isomer shift in going from a ferrous to a ferric ion and indicates a very large increase in s-electron density at the Fe2+ nucleus. Although an accurate determination of the atmospheric isomer shift could not be obtained from our spectra, the extrapolation of our data back to atmospheric pressure shows reasonable agreement with the value obtained by Bearden et al. 6 The quadrupole splitting of the hemin peaks decreases with increasing pressure as shown in Figure 4 . The quadrupole splitting decreases by approximately 0.6 mm/second in 165 kb. Because of the IS configuration of the d electrons, the principal source of the electric field gradient is the lattice contribution qlat. Detailed X-ray analysis of hemin7 shows that the iron atom is 0.475 A out of the molecular plane toward the chloride ligand.
The molecules are arranged in the crystal in such a way that a carbon atom from an adjacent molecule is 3.85 A below the iron atom. The factors determining the electric field gradient at the iron nucleus can be seen in terms of an electrostatic model.8 The porphyrin ring can be represented by a negatively charged ring of charge q, at a distance z7 below the iron, and the ligands can be represented as point charges q, and 12 at distances z1 and Z2 from the iron. Because a carbon atom occupies the position below the plane, q2 can be taken as 0. The electric field gradient is then given by8
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Assuming the Cl-ion to be a unit negative charge, the porphyrin ring will have a charge of -2. The sign of the electric field gradient is very sensitive to the value assumed for rr, the effective charge radius of the ring. The electric field gradient will be positive if rr is chosen as the Fe-N bond distance of 2 A but negative if the radius of the porphyrin ring (3.4 A) is used. One would expect the changes in electric field gradient with pressure to result mainly from changes in the first term in equation (2) because the distance z1 between iron and the chloride ligand cannot be expected to change appreciably with pressure. If it is assumed that the electric field gradient is initially positive, an increase in r, with pressure would lead to a decrease in the electric field gradient. A decrease in qr by transfer of charge from the ring to the metal would also lead to a decrease in electric field gradient. A transfer of charge from the ring to an s-orbital of the iron would also be consistent with the large decrease in isomer shift with pressure. The assumption of a positive electric field gradient is consistent with the M6ss-bauer spectra. The spin-spin relaxation mechanism would cause the M6ssbauer peak associated with the m, = 3/2 level to be the most broadened, and the broader peak has the higher energy (i.e., the more positive velocity in the M6ssbauer spectra), indicating a positive electric field gradient.
The peaks which appear in the spectrum when pressure is increased have a very large splitting (2.9 mm/sec) typical of high-spin ferrous materials. Thus, it appears that hemin exhibits a pressure-induced ferric to ferrous transition, as has been shown for a ferric ion in a variety of environments.2 3 This phenomenon is reversible, i.e., when pressure is released, one obtains essentially the one atmosphere spectrum.
The quadrupole splitting of the ferrous peaks decreases with increasing pressure as for the case of the ferric peaks, but the magnitude of the change is less by a factor of 5 (see Fig. 4 ). The isomer shift of the ferrous peaks at 40 kb is almost identical to the isomer shift of the ferric peaks. Pullman9 has shown that back donation of electrons from the d orbitals of the metal to the delocalized 7r-orbital system on the porphyrin ring is important in such compounds and that effectively, one more d electron is donated in the Fe (II) compounds than in the Fe(III) porphyrins. This is very similar to the situation in K3Fe(CN)6 and K4Fe(CN)6.'0 Therefore, it is reasonable that hemin and the reduced material have similar values for their isomer shifts. The increase in isomer shift with pressure (Fig. 3) is somewhat surprising and may indicate that back donation decreases with increasing pressure in the ferrous material. The approximate fraction of Fe'+ as a function of pressure is shown in Figure 5 .
Iron Phthalocyanine. 4000C in vacuum, the 1\Vossbauer spectrum contained a mixture of high-and low-spin peaks (see atmospheric spectrum in Fig. 6 ). The amount of high-spin material at atmospheric pressure varied from 10 to 20 per cent depending on sample treatment.
Magnetic susceptibility measurements on the sample gave a magnetic moment of 3.98 Bohr magnetons in agreement with the values of 3.9612 and 3.8513 found in the literature. This value is approximately halfway between the values predicted for the spin-free (S = 2) and spin-paired (S = 1) configurations. Orgel'4 suggested that this value is the result of a thermal admixture of the two spin states. More recently, Lever'5 found that the magnetic moment showed almost no temperaturedependence and therefore concluded that the measured magnetic moment could not be the result of two spin states in thermal equilibrium. Instead, he suggested that the moment results from an S = 1 (two unpaired spins) ground state with a large orbital contribution.
Mossbauer spectra at several pressures are shown in Figures 6a and b . As pressure is increased, the intensity of the high-spin peaks increases while that of the low-spin peaks diminishes, and when pressure is released, the original atmospheric spectrum is obtained again. The fact that the high-spin configuration is favored at high pressure is not completely understood. The fact that the effect is reversible indicates a changing equilibrium with pressure rather than a meta-stable state approaching equilibrium when pressure is applied.
A possible explanation of the change in spin state with pressure can be given in terms of the 3d energy levels in the phthalocyanine. The ferrous ion is in the center of a square formed by four isoindole nitrogen atoms, and the planar molecules are arranged in such a way in the crystal that a bridge nitrogen atom of an adjacent molecule is directly above and directly below the iron ion at a distance of 3.38 A. Therefore, the iron is in a site of D4h symmetry. In D4h symmetry the d-orbitals of the metal split into the four levels shown in Figure 11 in reference 15. In order to have two unpaired spins, the levels would be populated as shown in Figure 7a . It is possible that the exchange interaction between electrons could be large enough to give two unpaired spins but not large enough to promote an electron from the e,, to the d.2 ,,2 orbital which is much higher in energy. The predominant effect of pressure would be to compress the layers of planar molecules closer together, and thus the levels would be expected to change as shown in Figure 7b loor the plane, is nonbonding and would not be expected to increase appreciably in energy. One would not expect the diameter of the ring to change significantly with pressure, and thus the d,2-,2 orbital energy would not be raised. In the new configuration it may now be possible to promote an electron from the eg to the big orbital, giving four unpaired spins. When pressure is released, the levels would resume the initial configuration and the high-spin (S = 2) state would be less favorable again. The above argument is consistent with the changes which are observed experimentally.
The changes in isomer shift and quadrupole splitting are shown in Figures 8 ferrous compound. This is probably the result of a large degree of covalency between the iron and the surrounding ring. The fractional area of the high-spin peaks as a function of pressure is given in Figure 10, 
